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E-mail address: jjz2002@med.cornell.edu (J.J. ZhanThe transcription factor Signal Transducer and Activator of Transcription 3 (Stat3) functions in var-
ious cellular processes including neuronal differentiation. We show that the SRY-box containing
gene 6 (Sox6) gene, important for neuronal differentiation, is a direct target gene of Stat3. We dem-
onstrate that in response to ligand stimulation, Stat3 binds to the Sox6 promoter and induces its
expression. Furthermore, Stat3 is activated and Sox6 is induced during neuronal differentiation of
P19 cells in the absence of exogenous ligand treatment. Moreover, using an RNA interference
approach, we show that Stat3 is required for Sox6 expression during neuronal differentiation.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The transcription factor Signal Transducer and Activator of Tran-
scription 3 (Stat3), a member of the STAT family of transcription
factors, is activated through tyrosine phosphorylation in response
to cytokines that bind to the gp130 cell surface receptors including
leukemia inhibitory factor (LIF), interleukin-6 (IL-6), and oncostatin
M (OSM) [1]. Following receptor activation, phosphorylated Stat3
dimers enter the nucleus to regulate transcription of Stat3 target
genes [1]. Stat3 mediates various cellular processes including pro-
liferation, postnatal survival, oncogenesis, and maintenance of plu-
ripotency of murine embryonic stem (ES) cells [2–4]. Stat3 also
promotes neuronal differentiation of ES cells and P19 cells, and
inhibition of the Stat3 signaling pathway blocks neuronal differen-
tiation in these cells [5–7]. However, the exact mechanism by
which Stat3 promotes neuronal differentiation is not well deﬁned.
One approach to understand how Stat3 promotes neuronal dif-
ferentiation is through analysis of Stat3 target genes. We recently
identiﬁed SRY-box containing gene 6 (Sox6) as a potential Stat3chemical Societies. Published by E
tor of transcription 3; RNAi,
F, leukemia inhibitory factor;
ollege of Cornell University,
venue, New York, NY 10065,
g).target gene in a genome-wide ChIP screen [8]. Similar to Stat3, it
has been shown previously that Sox6 is required for neuronal dif-
ferentiation [9,10]. Transcriptional regulation of Sox6 by Stat3
could be a possible mechanism by which Stat3 promotes neuronal
differentiation.
In this report, we demonstrate that Stat3 binds to the promoter
of the Sox6 gene in response to cytokine treatment. Furthermore,
Stat3 increases Sox6 expression in response to cytokine stimula-
tion and during neuronal differentiation independent of exogenous
ligand in P19 cells. Finally, utilizing an RNAi technique we show
that Sox6 expression is dependent on Stat3 during neuronal
differentiation.2. Materials and methods
2.1. Cell culture and antibodies
NIH3T3 cells were cultured in DMEM supplemented with 10%
fetal bovine serum (Invitrogen). P19 cells were provided by Dr.
Richard Cerione (Cornell University College of Veterinary Medicine,
Ithaca, NY) and maintained as described previously [9,10]. Induc-
tion of P19 neuronal differentiation was performed as described
previously [9,10] with 500 nM retinoic acid (Sigma). Antibodies
used in this study were described previously [8,11]. Cells were
treated with 25 ng/ml recombinant mouse OSM (R&D Systems)
or 10 ng/ml LIF (Chemicon International).lsevier B.V. All rights reserved.
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Fig. 1. Sox6 is a direct target gene of Stat3. (A and C) NIH3T3 cells were treated with OSM or LIF for 15 min. Whole cell extracts were used for Western blot analyses with
antibodies against Stat3 phosphorylated on tyrosine 705 (PY-Stat3) or total Stat3. (B and D) NIH3T3 cells were treated with OSM or LIF for 2 or 4 h. Quantitative real-time RT-
PCR and statistical analyses were performed for Sox6 expression as described in Section 2. (E) NIH3T3 cells were either treated with OSM for 30 min or left untreated and ChIP
assays were performed with a Stat3 antibody and sequence-speciﬁc PCR primers for the Sox6 promoter. (F) Results from (E) were quantitated with a phosphorimager and
expressed as ChIP/input with the untreated sample set at 1.
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ChIP assays were performed as described previously [8]. Prim-
ers for the Sox6 promoter were: 50 AGTCAGAAGGCGGTGTTAGG
and 50GTAGTTGTGGGCGGAGAAGA.LIF - +
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Fig. 2. Sox6 expression is induced by LIF in P19 cells. (A) P19 cells were cultured in
growth medium and treated with LIF for 15 min. Whole cell extracts were analyzed
byWestern blot analyses with antibodies against Stat3 phosphorylated on tyrosine-
705 (PY-Stat3), total Stat3 or tubulin. (B) P19 cells were treated with LIF for 2 or 4 h.
Quantitative real-time RT-PCR and statistical analyses were performed for Sox6 as
described in Section 2.2.3. Quantitative real-time RT-PCR and statistical analysis
Quantitative real-time RT-PCR was performed as described
previously [11]. Results represent the averages of at least three
independent experiments standardized to GAPDH with untreated
samples set at 1 (Figs. 1 and 2) or represented as fold induction
in cells cultured in retinoic acid compared to cells cultured without
retinoic acid (Figs. 3–5). For indicated experiments, a Student’s
t-test was performed where (*) represent P values less than 0.01,
(**) represent P values less than 0.05, and no asterisk represents
no statistically signiﬁcant difference compared to indicated control
values. P values were obtained for treated cells compared to
untreated cells (Figs. 1 and 2); cells cultured in retinoic acid
compared to cells cultured without retinoic acid (Fig. 3); and Stat3
knockdown cells compared to control cells (Fig. 4). For Fig. 5, data
obtained for either control cells or Stat3 knockdown cells were
compared to day 2 values. Primers for Sox6 were: 50 GGCAACTCT-
CCACCATGATT and 50 CTTGCGATCTGTTCTTGCTG; Nestin: 50
CTGCAGGCCACTGAAAAGTT and 50 AGGTGTCTGCAAGCGAGAGT;
N-cadherin: 50 GAAGGATGTGCACGAAGGAC and 50 GCTCTGCA-
GTGAGAGGGAAG; neuronal cell adhesion molecule (NCAM); 50
CTGTGTCAAGTGGCAGGAGA and 50 GTCGATGTTGGCGTGTAGA
and GAPDH: 50 AGACACCAGTAGACTCCACG and 50 ACGAC-
CCCTTCATTGACC.
2.4. RNAi
RNAi was performed as described previously [8,11].
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Fig. 3. Stat3 is activated and Sox6 expression is induced during neuronal differentiation of P19 cells. (A) P19 cells were cultured in bacteriological petri dishes either without
retinoic acid (RA) or in medium supplemented with 500 nm RA for 1–4 days. Whole cell extracts were analyzed by Western blot using antibodies against Stat3
phosphorylated on tyrosine 705 (PY-Stat3), total Stat3, and tubulin. (B) Results from (A) were quantitated with a Kodak 1D imaging system. Quantitative real-time RT-PCR
and statistical analyses were performed for Sox6 (C) or nestin (D) as described in Section 2.
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3.1. Sox6 is a direct target gene of Stat3
To understand how Stat3 mediates various cellular functions,
we performed a genome-wide ChIP screen to search for potential
direct Stat3 target genes [8]. One of the genes identiﬁed in this
screen was Sox6 [8]. To see if the expression of Sox6 is regulated
in response to ligands that activate Stat3, NIH3T3 cells were trea-
ted with OSM or LIF both of which rapidly induced tyrosine phos-
phorylation of Stat3 (Fig. 1A and C). Sox6 mRNA expression
increased after 2 h of OSM or LIF treatment and was further in-
duced about ninefold by 4 h (Fig. 1B and D).
To demonstrate that Stat3 directly binds to the Sox6 promoter
in response to cytokine treatment, gene-speciﬁc ChIP analysis
was performed with primers ﬂanking a potential Stat3 binding site
in the Sox6 promoter. In OSM-treated cells, there was a signiﬁcant
increase in Stat3 binding to the Sox6 promoter compared to un-
treated cells (Fig. 1E and F).
These results show that in response to ligand stimulation, acti-
vated Stat3 binds to the Sox6 promoter and induces transcription
of the Sox6 gene.
3.2. LIF increases Sox6 mRNA expression in P19 neuronal cells
It has been shown previously that Sox6 expression is required
for neuronal differentiation [9,10]. Furthermore, LIF and Stat3 have
been shown to promote neuronal differentiation of mouse ES cells
and P19 cells, and inhibition of Stat3 signaling by either JAK2
inhibitors or a dominant negative Stat3 blocks neuronal differenti-
ation [5–7].
To further elucidate the physiological role of Stat3-mediated
transcriptional regulation of the Sox6 gene, P19 cells were utilized
for further analysis. P19 cells proliferate in growth medium anddifferentiate into neurons in growth medium supplemented with
retinoic acid, thus providing an excellent cellular model system
for transcriptional analysis during neuronal differentiation [12].
P19 cells were ﬁrst cultured in growth conditions and treated with
LIF. Stat3 was phosphorylated after 15 min (Fig. 2A) and Sox6
mRNA expression increased by eightfold after 2 h of ligand treat-
ment (Fig. 2B). Because the activation of the JAK-STAT signaling
pathway is transient [8,11], the induction of gene expression usu-
ally stops after several hours as seen in this case of Sox6 expression
in response to LIF at 4 h (Fig. 2B). These results demonstrate that in
response to LIF treatment, Stat3 is activated and Sox6 expression is
induced in P19 cells. Furthermore, the induction was faster than in
NIH3T3 cells.
3.3. Stat3 is phosphorylated during neuronal differentiation of P19
cells and Sox6 expression is increased
It has been shown previously that Sox6 expression increases
when P19 cells are cultured in differentiation conditions containing
retinoic acid [9]. To determine if Stat3 has a physiological role in
Sox6 mRNA expression during neuronal differentiation indepen-
dent of exogenous ligand stimulation, P19 cells were cultured in
the presence of retinoic acid. There was a very low level of phos-
phorylated Stat3 in cells cultured without retinoic acid (Fig. 3A lane
1 and 3B). Phosphorylated Stat3 levels increased signiﬁcantly by
2 days in the presence of retinoic acid (Fig. 3A lane 3 and 3B). Sim-
ilar to the observed pattern of Stat3 phosphorylation, Sox6 mRNA
levels increased signiﬁcantly by 2 days in differentiation conditions
(Fig. 3C). As a positive control for efﬁcient neuronal differentiation,
nestin mRNA expression was also analyzed because it has been
shown previously that nestin levels increase during P19 neuronal
differentiation [13]. Nestin levels increased over time in retinoic
acid (Fig. 3D). These results suggest that Stat3 is activated during
neuronal differentiation of P19 cells independent of exogenous
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Fig. 4. Stat3 is required for Sox6 expression during neuronal differentiation. P19
cells were transfected with a negative control siRNA, either Stat3 siRNA oligonu-
cleotide (#1 or #2), or both together (#1 + #2) and cultured for 24 h in growth
medium. Cells were then transferred to bacteriological petri dishes in the presence
or absence of RA for 2 days. Some of the cells cultured in RA were subjected to
Western blot analyses and blotted with antibodies against Stat3 or tubulin (A).
Quantitative real-time RT-PCR and statistical analyses were performed for Sox6 (B)
or Nestin (C) as described in Section 2.
M. Snyder et al. / FEBS Letters 585 (2011) 148–152 151ligand treatment, and Stat3 phosphorylation correlates with an
increase in Sox6 expression.
3.4. Stat3 is essential for Sox6 expression during neuronal
differentiation
To demonstrate that Stat3 is required for Sox6 expression dur-
ing neuronal differentiation of P19 cells, we utilized a RNAi tech-
nique to knock down Stat3. Two separate siRNAs targeting two
different regions of Stat3 [8,11] were used to knock down Stat3
in P19 cells cultured in retinoic acid. To demonstrate that these
two siRNAs were speciﬁc for Stat3, cells were transfected with a
control siRNA or the Stat3 siRNAs separately or combined (#1,
#2, or #1 plus #2). Stat3 protein levels were signiﬁcantly
decreased in cells transfected with either Stat3 siRNA compared
to cells transfected with a negative control siRNA (Fig. 4A lanes
1, 2, and 3). Stat3 protein levels were further decreased in cells
transfected with both Stat3 siRNAs (#1 plus #2) (Fig. 4A lane 4).
These results demonstrate that the Stat3 siRNAs speciﬁcally and
efﬁciently knocked down Stat3 protein levels in P19 cells.
Sox6 mRNA expression was analyzed in the Stat3 knockdown
cells. Cells transfected with a negative control siRNA showed a six-fold increase in Sox6 expression when cultured in retinoic acid
(Fig. 4B). In cells transfected with either Stat3 siRNA (#1 or #2)
and cultured in retinoic acid, induction of Sox6 was about half
compared to control cells (Fig. 4B). Sox6 expression was not signif-
icantly induced in cells transfected with both Stat3 siRNAs (#1 plus
#2) at the same time (Fig. 4B). As a positive control for neuronal
differentiation, nestin expression was also monitored (Fig. 4C).
Nestin levels were not signiﬁcantly induced in cells transfected
with either Stat3 siRNA (#1 or #2) or both (#1 plus #2) compared
to cells transfected with a control siRNA. These results demon-
strate that Stat3 is required for Sox6 mRNA expression during neu-
ronal differentiation of P19 cells.
3.5. Stat3 is essential for neuronal differentiation in P19 cells
To demonstrate that Stat3 is essential for neuronal differentia-
tion, Stat3 protein levels were knocked down during retinoic
acid-induced differentiation (Fig. 5A) and cell morphology was
analyzed 7 days post-differentiation. Cells transfected with a con-
trol siRNA and cultured in retinoic acid showed efﬁcient neurite
outgrowth while Stat3 knockdown cells showed no signiﬁcant
neuronal differentiation (Fig. 5B). Two neuronal differentiation
markers, N-cadherin and NCAM, were signiﬁcantly induced over
time in control cells but not induced in the Stat3 knockdown cells
(Fig. 5C and D). These results demonstrate that Stat3 is required for
efﬁcient neuronal differentiation of P19 cells.4. Discussion
This work demonstrates that Stat3 binds to the promoter and
activates transcription of the Sox6 gene in response to ligand treat-
ment. Furthermore, Stat3 increases Sox6 expression in P19 cells in
response to cytokine treatment and during neuronal differentia-
tion independent of exogenous ligand. Finally, Sox6 expression is
dependent on Stat3 during neuronal differentiation of P19 cells.
These results identiﬁed a molecular mechanism by which Stat3
promotes neuronal differentiation through transcriptional regula-
tion of Sox6.
Sox6 is not the only gene regulated by Stat3 during neuronal
differentiation. It has been shown previously that Stat3 regulates
expression of another member of the SOX family during neuro-
nal differentiation, Sox2 [5]. Stat3 could regulate transcription
of other members of the SOX gene family or other genes to pro-
mote neuronal differentiation. Because of the multi-step nature
of neuronal differentiation, we cannot determine exactly at
which step Stat3 functions. It remains to be studied whether
Stat3, usually activated in immediate early responses, plays an
important physiological role speciﬁcally in the early stages of
neuronal differentiation.
It is interesting to note that Stat3 regulates transcription during
other cellular differentiation processes. In addition to promoting
neuronal differentiation, Stat3 also promotes cardiac muscle cell
differentiation [11,14,15]. In contrast, Stat3 inhibits skeletal mus-
cle cell differentiation [8,16]. These observations suggest that Stat3
could be an important regulator of cellular differentiation and
development. Further studies of Stat3 and its target genes will pro-
vide greater insights into the mechanisms by which Stat3 controls
cellular differentiation.Acknowledgements
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Fig. 5. Stat3 is required for efﬁcient neuronal differentiation. P19 cells were transfected with a negative control siRNA or both Stat3 siRNAs and cultured for 24 h in growth
medium. Cells were then transferred to bacteriological petri dishes in the presence or absence of RA for 4 days and transfected a second time with indicated siRNAs. Cells were
transferred to tissue culture dishes and cultured for a total of 7 days. (A) Western blot analyses were performed at 2, 4 and 6 days, blotted with Stat3 and tubulin antibodies,
quantitated and expressed as Stat3/tubulin. (B) Cells were examined microscopically at 7 days for neuronal differentiation. (C and D) Quantitative real-time RT-PCR and
statistical analyses were performed as described in Section 2 for N-cadherin and NCAM at indicated time points.
152 M. Snyder et al. / FEBS Letters 585 (2011) 148–152Equipment. This work was supported by National Institutes of
Health Grant GM084191.References
[1] Levy, D.E. and Darnell Jr., J.E. (2002) Stats: transcriptional control and
biological impact. Nat. Rev. Mol. Cell Biol. 3, 651–662.
[2] Raz, R., Lee, C.K., Cannizzaro, L.A., d’Eustachio, P. and Levy, D.E. (1999) Essential
role of STAT3 for embryonic stem cell pluripotency. Proc. Natl. Acad. Sci. USA
96, 2846–2851.
[3] Bromberg, J.F., Wrzeszczynska, M.H., Devgan, G., Zhao, Y., Pestell, R.G.,
Albanese, C. and Darnell Jr., J.E. (1999) Stat3 as an oncogene. Cell 98, 295–303.
[4] Akira, S. (2000) Roles of STAT3 deﬁned by tissue-speciﬁc gene targeting.
Oncogene 19, 2607–2611.
[5] Foshay, K.M. and Gallicano, G.I. (2008) Regulation of Sox2 by STAT3 initiates
commitment to the neural precursor cell fate. Stem Cells. Dev. 17, 269–278.
[6] Pachernik, J., Bryja, V., Esner, M., Hampl, A. and Dvorak, P. (2005) Retinoic acid-
induced neural differentiation of P19 embryonal carcinoma cells is potentiated
by leukemia inhibitory factor. Physiol. Res. 54, 257–262.
[7] Pachernik, J., Horvath, V., Kubala, L., Dvorak, P., Kozubik, A. and Hampl, A.
(2007) Neural differentiation potentiated by the leukaemia inhibitory factor
through STAT3 signalling in mouse embryonal carcinoma cells. Folia Biol.
(Praha). 53, 157–163.
[8] Snyder, M., Huang, X.Y. and Zhang, J.J. (2008) Identiﬁcation of novel direct
Stat3 target genes for control of growth and differentiation. J. Biol. Chem. 283,
3791–3798.[9] Hamada-Kanazawa, M., Ishikawa, K., Nomoto, K., Uozumi, T., Kawai, Y.,
Narahara, M. and Miyake, M. (2004) Sox6 overexpression causes cellular
aggregation and the neuronal differentiation of P19 embryonic carcinoma cells
in the absence of retinoic acid. FEBS Lett. 560, 192–198.
[10] Hamada-Kanazawa, M., Ishikawa, K., Ogawa, D., Kanai, M., Kawai, Y., Narahara,
M. and Miyake, M. (2004) Suppression of Sox6 in P19 cells leads to failure of
neuronal differentiation by retinoic acid and induces retinoic acid-dependent
apoptosis. FEBS Lett. 577, 60–66.
[11] Snyder, M., Huang, X.Y. and Zhang, J.J. (2010) Stat3 directly controls the
expression of Tbx5, Nkx2.5, and GATA4 and is essential for cardiomyocyte
differentiation of P19CL6 cells. J. Biol. Chem. 285, 23639–23646.
[12] Jones-Villeneuve, E.M., McBurney, M.W., Rogers, K.A. and Kalnins, V.I. (1982)
Retinoic acid induces embryonal carcinoma cells to differentiate into neurons
and glial cells. J. Cell Biol. 94, 253–262.
[13] Gao, X., Bian, W., Yang, J., Tang, K., Kitani, H., Atsumi, T. and Jing, N. (2001) A
role of N-cadherin in neuronal differentiation of embryonic carcinoma P19
cells. Biochem. Biophys. Res. Commun. 284, 1098–1103.
[14] Foshay, K., Rodriguez, G., Hoel, B., Narayan, J. and Gallicano, G.I. (2005) JAK2/
STAT3 directs cardiomyogenesis within murine embryonic stem cells in vitro.
Stem Cells. 23, 530–543.
[15] Rajasingh, J., Bord, E., Hamada, H., Lambers, E., Qin, G., Losordo, D.W. and
Kishore, R. (2007) STAT3-dependent mouse embryonic stem cell
differentiation into cardiomyocytes: analysis of molecular signaling and
therapeutic efﬁcacy of cardiomyocyte precommitted mES transplantation in
a mouse model of myocardial infarction. Circ. Res. 101, 910–918.
[16] Kataoka, Y. et al. (2003) Reciprocal inhibition between MyoD and STAT3 in the
regulation of growth and differentiation of myoblasts. J. Biol. Chem. 278,
44178–44187.
